The replacement of magnetite by hematite was studied through a series of experiments under mild hydrothermal conditions (140e220 C, vapour saturated pressures) to quantify the kinetics of the transformation and the relative effects of redox and non-redox processes on the transformation. The results indicate that oxygen is not an essential factor in the replacement reaction of magnetite by hematite, but the addition of excess oxidant does trigger the oxidation reaction, and increases the kinetics of the transformation. However, even under high O 2 (aq) environments, some of the replacement still occurred via Fe 2þ leaching from magnetite. The kinetics of the replacement reaction depends upon temperature and solution parameters such as pH and the concentrations of ligands, all of which are factors that control the solubility of magnetite and affect the transport of Fe 2þ (and the oxidant) to and from the reaction front. Reaction rates are fast at w200 C, and in nature transport properties of Fe and, in the case of the redox-controlled replacement, the oxidant will be the rate-limiting control on the reaction progress. Using an Avrami treatment of the kinetic data and the Arrhenius equation, the activation energy for the transformation under non-redox conditions was calculated to be 26 AE 6 kJ mol
Introduction
Wenk and Bulakh (2004) tabulated estimates of mineral growth rates for different minerals, showing that they vary over many orders of magnitude. Among oxides, the most rapid growth rate is for hematite crystals growing by one centimetre every few hours in fractures in lava on Mt Vesuvius, and the slowest is for manganese oxide concretions on the Pacific Ocean floor (one centimetre every 300,000 to 400,000 years). In the case of ore deposits, there is growing evidence that mineral deposition may be relatively rapid on 'geological' time frames; for example, Simmons and Brown (2006) showed that the gold (1300 t) in the giant epithermal Lihir deposit, Papua New Guinea, could have formed within w55,000 years, based on modern fluid flow and chemistry.
Here, we investigate the reaction mechanism and kinetics of one of the most common 'redox' reactions recorded in rocks and ores: the transformation of magnetite, Fe 3 O 4 , to hematite, Fe 2 O 3 . Magnetite and/or hematite occur as major to trace minerals in sedimentary, magmatic, metamorphic and hydrothermal rocks and related ore deposits (Ramdohr, 1980; Scheka et al., 1980; Deer et al., 1992; Heimann et al., 2005) . There has been a renewed focus on the significance of the trace element composition of these minerals for exploration of ore deposits (Dupuis and Beaudoin, 2011; Nadoll et al., 2012 Nadoll et al., , 2014 Dare et al., 2014) , and countless papers use the coexistence of hematite and magnetite to infer redox conditions during petrogenesis, since Fe is the most abundant redox-sensitive elements in most rocks, and redox is key to understanding many geochemical processes. The transformation reactions even received specific names: the replacement of magnetite by hematite is named martitization, and hematite by magnetite mushketovitization. In material sciences, hematite and magnetite are among the most important corrosion products of steel at elevated temperature (e.g., Bertrand et al., 2010; Yu et al., 2015) .
The transformation of magnetite to hematite can be expressed in term of a redox reaction, e.g., 2Fe 3 O 4 (mt) þ 0.5 O 2 (g) 43Fe 2 O 3 (hm) (I) with: log f O 2 (g) ¼ À2 logK(P,T)
Most previous studies have interpreted the interconversion of magnetite and hematite as a near-equilibrium redox reactions (e.g., Perry et al., 1973; Barley et al., 1999; Powell et al., 1999; Taylor et al., 2001; Morris, 2003) involving reduction of hematite to magnetite by hydrogen or organic matter, or oxidation of magnetite to hematite by oxygen. However, these conclusions are based on observed textures and calculated stability diagrams rather than direct evidence from laboratory studies. The transformation between the two minerals has been reproduced in laboratory experiments using dry methods by heating at relatively high temperatures (!700 C) in controlled atmosphere (Turkdogan and Vinters, 1971; Piotrowski et al., 2005) , but these results cannot be used as direct evidence to explain the mineral textures formed by hydrothermal processes.
A different view to explain the ubiquity of the hematitemagnetite association in nature was first proposed by Ohmoto (2003) , who pointed out that the availability of reductants or oxidants were too low to explain the large-scale conversion of magnetite and hematite via fluid-rock interaction in some typical deposits, such as giant hematite-rich ore deposits in the Hamersley district, Australia (for example the Tom Price and Mount Whaleback deposits; Harmsworth et al., 1990) . Ohmoto (2003) proposed instead that the transformation of Fe oxides in near-surface environments mostly occurred through non-redox reactions. In this model, hematite is formed by the removal of Fe 2þ from magnetite, and magnetite is formed by the addition of Fe 2þ to hematite; no reduction or oxidation of Fe is involved in the reactions. Otake et al. (2007 Otake et al. ( , 2010 conducted a series of laboratory experiments to investigate the processes of non-redox transformation of magnetite to hematite, and hematite to magnetite, both under H 2 -rich hydrothermal conditions at 150 C. Their results suggest that nonredox transformations between hematite and magnetite occur in various hydrothermal systems, particularly when redox kinetics is sluggish under low-temperature conditions. However, these nonredox experiments were carried out using magnetite and hematite powders that were too fine to assess the textures of the replacement products, and the kinetics of the reaction was not characterised formally. The crystal structures of magnetite and hematite both can be described in terms of close-packed oxygen layers with Fe ions in the interstices. In magnetite, the close-packed layers are parallel to {111} planes, with Fe 2þ ions occupying half of the available octahedral sites, and the Fe 3þ split evenly across the remaining octahedral and tetrahedral sites. Hematite is hexagonal with the oxygen close-packed layers parallel to the {0001} planes and the Fe 3þ ions occupying two thirds of the available octahedral sites. Epitaxial growth is common between magnetite and hematite, with {111} mt parallel to {0001} hm (Barbosa and Lagoeiro, 2010; Nolze and Winkelmann, 2014) , and reactions among hematite and magnetite often are controlled by epitaxial nucleation and growth. This study aims to decipher the reaction kinetics and reaction mechanisms for the replacement of magnetite by hematite under mild hydrothermal conditions (140e200 C, vapour saturated pressures). In order to establish the nature of the reaction mechanism over a range of redox conditions, the experiments were conducted with relatively coarse magnetite starting material (90e150 mm). We used textural and chemical criteria to decipher whether the reaction proceeded via a redox or a non-redox processes, and explored the effects of reaction temperature, pH, NaCl concentration, and availability of oxidant on the reaction rates. The results can be used to constrain the reaction pathways and timing in natural mineral assemblages.
Experiments and methods

Preparation of samples
Magnetite from the Itabira district, Minas Gerais, Brazil (SA Museum sample G32618) was used as starting material throughout this study. The starting material was characterised using powder Xray diffraction, SEM and electron probe microanalysis. The starting material consisted of magnetite with a small amount hematite impurity (4%; XRD pattern in Fig. 1A) . The magnetite appears homogeneous under the SEM and electron microprobe (Fig. 2B) , and the average composition is Fe 2.99 O 4.00 (mean of 10 points analyses). The following 14 minor elements were detected: Ca, Mg, Mn, Ti, Cr, Al, Si, Zn, Zr, Sn, Ni, Nb, V and W, but their concentrations were all below the limits of quantification (<0.1 wt.%). The natural magnetite grains were crushed and carefully sieved to select the 90e150 mm fraction. All other chemical reagents including buffer solutions used in experiments were analytical grade reagents. The buffer solutions were prepared as described in Zhao et al. (2014) , and the compositions (total concentrations w0.5 molal) are given in Table 1 . The pH 25 C values shown in Table 1 were measured at room temperature, while the pH T values at reaction temperatures listed in Table 2 were calculated using the HCh geochemical modelling software.
Hydrothermal experiments
In each run, 10 mg magnetite and 10 mL reaction solution were carefully measured and added into 20 mL polytetrafluoroethylene (PTFE)-lined stainless steel autoclaves. The sealed cells were placed in electric Muffle furnaces at a constant temperature over the duration of the experiments (temperature regulation precision of 2 C). At the end of the runs, the autoclaves were quenched to room temperature in a large volume of cold water (w10 L) for 20 min. Solution was collected for ICP-MS analysis, while the solids were rinsed three times using Milli-Q water followed by acetone. Results from leaking runs were not considered in this study. During the experiments, the pressures in the autoclaves are autogenous and the calculated values are listed in Table 2 . One experiment was conducted in the absence of oxygen: the buffer solution was prepared in an argon-filled glovebox from boiled Milli-Q water, and the solids and solutions were loaded into the cells within the glovebox. Another experiment was conducted with extra oxygen added in the form of 30% hydrogen peroxide solution, to study the effect of oxygen excess.
Analysis methodology
The extent of the transformation was determined by Rietveld quantitative phase analysis (QPA) of powder X-ray diffraction data with the program Topas (Bruker AXS, 2009 ), using diffraction data in the 2q range from 4 to 100 (Co Ka 1 radiation). A Pseudo-Voigt function and 6th order Chebychev polynomial were used to model the peak shapes and the background, respectively, and the zero shift and scale factors (S) were refined. Crystal structural data of minerals were taken from the ICSD database (magnetite #20596 and hematite #15840). The quantification limit of the QPA is w2 wt.% hematite.
The characterization of the morphological and textural features of the reacted grains was undertaken using a High Resolution Field Emission Scanning Electron Microscope (FEI Quanta 450) at Adelaide Microscopy, University of Adelaide. The chemical compositions of the products were determined using a Cameca SX-51 electron probe microanalysis (EPMA) at Adelaide Microscopy, University of Adelaide. The solution compositions were characterized using an Agilent 7500cs solution ICP-MS at Adelaide Microscopy, University of Adelaide.
Kinetic background
Under isothermal conditions, the kinetics of a wide range of hydrothermal reactions follows the empirical Avrami equation:
where y is the reaction extent, k (s À1 ) is the rate constant, n (dimensionless) is a time exponent depending on the reaction mechanism, and t (s) is the reaction time (Avrami, 1939 (Avrami, , 1940 (Avrami, , 1941 Christian, 1965) . The reaction extent y is calculated from the QPA results according to:
where Y t , Y 0 , and Y e are the weight fractions of hematite at time t, initially (Y 0 at t ¼ 0) and at equilibrium (Y e at t ¼ N); in our case, this corresponds to full transformation of magnetite to hematite, i.e. Y e ¼ 1. The standard deviation on the Rietveld fit to determine Y t is quite low (below 1%). In order to take into account the errors from sample preparation, the standard deviation on Y t is estimated to be 2% for all values independently of their magnitude.
To determine the exponent n and the rate constant k, Eq.
(1) was linearized as:
If there is no change in the activation energy during the reaction, a plot of ln{ln[1/(1 e y)]} vs. ln(t) would produce a straight line (e.g., Wang et al., 2005a, b) . The slope of the straight line is the exponent n, and the intercept equals to nln(k). A constant value of n indicates that no significant change in reaction mechanism takes place during the reaction (Etschmann et al., 2004) .
The Avrami equation allows an empirical description of the kinetics of dissolution and precipitation reactions under isothermal conditions (e.g., Zhao et al., 2009 for application to a fluid-driven mineral replacement reaction). In general, the temperature dependence of the rate constant follows the Arrhenius law (e.g., Lasaga, 1984 Lasaga, , 1998 : Notes: a Experiments of run numbers A1eA6 were conducted with 6 different buffer solutions (as list in Table 1 ) at 200 C for 2 days. B1eB6 were conducted with 6 different buffer solutions at 200 C for 4 days. C1eC4 were conducted in A4 buffer solution at 200 C for 2 days with various amount of NaCl (0.1 mol/L to 1 mol/L). D1 and D2 were conducted in A4 buffer solution at 200 C for 4 days under different redox atmospheres. E1eE13 were a set of experiments conducted over the temperature range of 140e200 C for up to 8 days. The A4 buffer solution with 0.5 mol/L NaCl solution was used.
b pH values were calculated at reaction temperature using the HCh software.
c Pressure values were calculated at reaction temperature using the HCh software. d "Air" refers to solutions equilibrated with air, and air in the headspace of the Teflon lined cell. The mole ratio between O 2 and magnetite is 2.1. Only the air in the headspace was included in the calculation. "Ar flushed" refers to solution equilibrated with argon, and the headspace of the Teflon lined cell flushed with argon. Solution and experiment were conducted within an argon-filled anoxic glove box. The mole ratio between O 2 and magnetite is about 0. "Peroxide" refers to solutions equilibrated with air, and with 0.1 g 30% H 2 O 2 solution. The mole ratio between O 2 and magnetite is 12.3. e Obtained from powder X-ray diffraction patterns by Rietveld quantitative phase analysis using the program of Topas (Bruker AXS, 2009 ). Crystal structural data of intermediated magnetite (#27898) and hematite (#88417) were taken from the ICSD database and used for the data analysis. "Hm" stands for hematite phase and "Mt" for magnetite. f Minimum amount of hematite formed from magnetite according to the redox-free reaction 
If the plot of ln(k) vs. 1/T yields a straight line, the slope and the intercept reveal E A and A, respectively.
Speciation and solubility calculations
Thermodynamic calculations (distribution of species, solubility, and pH T ) were calculated using the HCh (Shvarov and Bastrakov, 1999 ) and Geochemist's Workbench (Bethke, 2008) geochemical modelling programs. Thermodynamic properties in both instances are those selected by Zhong et al. (2015a, b (Testemale et al., 2009 ). The properties for Fe(II) acetate complexes were extrapolated from room-temperature data by Sverjensky et al. (1997) . Although it is difficult to evaluate the errors at 200 C, details work on Cu(I) acetate (Liu et al., 2001) and Zn(II) acetate (Borg and Liu, 2010) complexing under hydrothermal conditions show that acetate complexes become stronger with increasing temperature. Hence, the simulations probably correctly assess the relative importance of Fe(II) acetate complexes in our solutions. The properties for Fe(II/III) hydroxide complexes were extrapolated from good-quality room temperature data by Shock et al. (1997) . Stefansson (2007) obtained a value for the formation constant of Fe(OH) 4 À (reaction
24, within error of the room-temperature value selected by Shock et al. (1997) , À21.62.
Results
Textures of the replacement reaction
The partially reacted grains preserved both the external dimensions and texture of the primary magnetite grains; in particular, the sharp edges of the grains. However, the morphology of the grain surface changed dramatically after the reaction. Under SEM, freshly crushed magnetite had smooth surfaces ( Fig. 2A ), but these became relatively rough after a 2-day reaction in A4 buffer solution at 200 C (Fig. 2B) ; this surface displays a characteristic basket weave pattern reflecting epitaxial growth of hematite on magnetite. Under higher magnification (20,000 Â ), numerous of hematite nano-crystals were observed on the surface of partially reacted grains (Fig. 2C) . The nano-flakes measured about 30 nm Â 30 nm with a thickness of w6 nm. Powder X-ray diffraction analysis confirms that the morphology change is related to the replacement of magnetite by hematite. The product pattern (Fig. 1B) contains the main peaks of hematite at 2.70 Å and 1.84 Å, and QPA shows that hematite makes up about 10 wt.% of the partially reacted grains after a 2-day reaction at 200 C in the A4 buffer solution (Run A1).
The replacement of magnetite by hematite was also observed from the cross-sections of the partially reacted grains under backscattered SEM. After 2-day reaction at 200 C in A4 buffer solution (Run A1), hematite was observed along the outer edge of the magnetite grains (Fig. 3A) . The newly formed hematite layer was not evenly distributed around the magnetite grains, and the thickness was up to 50 mm. The reaction front between the two phases is sharp as shown in Fig. 3B . The hematite phase is highly porous, with pore sizes across the nano-to micrometre scale. Apart from isolated pores, the product phase also includes a number of cracks with widths up to 500 nm. The surface fraction of cracks constitutes about 15%, as measured using the image-processing program ImageJ (Schneider et al., 2012) . The newly formed hematite grows from the outer surface of the magnetite grain towards their centre. The hematite lamellae typically follow cracks or partings in the parent magnetite, and these generally follow the expitaxial relationship between the minerals (Fig. 3C) . This microstructural reflection of epitaxial growth becomes more pronounced with increasing reaction extent.
Solutions after the reaction were always clear, with colours ranging from colourless to very pale brown/yellow. Solution ICP-MS results (Table 2 ) demonstrate that the solutions contain significant concentrations of Fe, e.g., ranging from 59 ppb to 3340 ppb after 4-day reaction at 200 C over the range of buffer solutions (Runs B1eB6). The colour of the solution reflects the concentration of Fe: pale brown/yellow solutions contain higher concentration of Fe. In addition to the Fe dissolved in the solution, some Fe was found to precipitate in the form of red hematite fine powder on the inner wall of the PTFE liner. Under SEM, this powder consists of pseudocubic crystals of hematite 100 nm on edge. We quantified the amount of hematite powder on the inner wall of the cell in Run B1 (4-day reaction at 200 C in A4 buffer solution) to be 0.43 mg, i.e. accounting for w6 wt.% of the Fe introduced as magnetite. This measurement was obtained by dissolving the hematite precipitations on the inner wall of the PTFE liner by adding 10 mL of a 2 wt.% HCl solution to the emptied post reaction autoclave. The resealed cell was then placed in the electric muffle furnaces at 150 C for 1 day. After quenching the autoclaves as described above the solution was collected and diluted with 2 wt.% nitric acid for ICP-MS analysis.
Controls on reaction mechanisms and kinetics
The reaction mechanism and kinetics of the replacement of magnetite by hematite were investigated by assessing the effect of temperature, solution pH, NaCl concentration, and amounts of oxygen (argon or air atmosphere; addition of oxidant as hydrogen peroxide) on reaction progress. The reaction conditions and results are summarized in Table 2 .
Effect of solution pH on the replacement of magnetite by hematite was explored with the 6 different buffer solutions listed Table 1 at 200 C. The measured pH 25 C values of these buffer solutions range from 4 to 10, while the calculated pH 200 C values range from 4.62 to 9.01. Two sets of experiments were run for 2 and 4 days (Runs A1eA6, B1eB6), respectively. The replacement of magnetite by hematite was observed under all conditions, but the reaction extents are relatively low, i.e. around 10 wt.% for all 2-day runs and less than 15 wt.% for 4-day runs (Table 2) . Although the reaction rates under different pHs are broadly similar, the surface morphology of the products are somewhat different, and the shapes of newly formed hematite vary with pH (Fig. 4) . Under acidic conditions (neutral pH at 200 C is 5.64), hematite forms bladed crystals, the sizes of which increase with increasing pH (Fig. 4AeC) . On the other hand, hematite crystals forming under basic conditions show more equant habit and their sizes at different pH are similar, ranging from 100 nm to 200 nm (Fig. 4DeF) . Despite the differences in the habits of hematite crystals on the surface of the grains, the cross sections of partially reacted samples obtained under different pH are similar to those shown in Fig. 3, i. e. no significant difference in the replacement texture was observed as function of pH.
NaCl concentration. The effect of NaCl on the reaction rate was investigated by series of experiment in which the concentration of NaCl was increased from 0 to 1 M in A4 buffer solution (Runs C1eC4). The reaction extent for a 2 day reaction at 200 C, increased from 10 wt.% (without NaCl, Run A1) to 21 wt.% (0.1 M NaCl, Run C1) and reached 90 wt.% (0.5 M NaCl, Run C3). The dramatic increase plateaued and remained at w90 wt.% when the NaCl concentration was increased to 1 M. The reaction solutions contained relatively high concentrations of Fe when NaCl was added, ranging from 7.8 ppm to 13 ppm, while NaCl-free runs the recovered solutions had 3 ppm Fe. After the reaction, the grains were blanketed with a dense cover of hematite crystals ( Fig. 5A and B) , in the size range 200 nm to 10 mm. Hematite precipitation was also observed on the inner wall of the PTFE liner. The cross sections of the grains reveal that magnetite was replaced by a thick hematite rim (Fig. 5C ) after 4 day reaction in A4 buffer solution with 0.2 mol/L NaCl at 200 C (40 wt.% hematite according to QPA). The hematite rim was highly porous, specifically along the grain boundaries of the hematite crystals (Fig. 5D ). There was an obvious gap between the product phase and original magnetite. Probe analyses on 10 spots (as shown in Fig. 5C ) confirm that the product is homogeneous, and corresponds to hematite with a composition of Fe 1.99 O 3.00 .
Oxidant concentration. An increase in reaction rate was achieved by adding hydrogen peroxide in the solution; peroxide breaks down and releases O 2 upon heating. The reaction extent increased from 14% to 25% with the addition of 0.1 g 30% H 2 O 2 solution (w4.4 Â 10 À4 mol O 2 ) after 4-day reaction in A4 buffer solution at 200 C (Runs B1 and D1). The mole ratio between O 2 and magnetite increases from 2.1 (B1, calculated based on a 10 mL air gap) to 12.3 after the addition of hydrogen peroxide, i.e. in both cases an excess of O 2 for reaction (1) was present. As shown in Fig. 6A , the surface of the partially reacted grains presents the typical basket weave pattern. A cross-section shows that hematite lamella at the surface represent a reticulated growth within the product rim (Fig. 6B) . On the other hand, the absence of oxygen did not significantly affect Table 2. the reaction extent compared to the reaction in air; 15 wt.% transformation in a partially reacted sample in the O 2 -free run (Run D2) compared to 14 wt.% with the air (B1).
Temperature. The effect of temperature on the reaction rate was explored over the range of 140e200 C. For all the runs, 0.5 mol/L NaCl was added in A4 buffer solution. An Arrhenius plot was prepared from kinetic data for this series of experiments (Runs E1eE13; Fig. 7 ). Higher temperature and longer reaction time increased the reaction extent. As shown in Fig. 7A , the reaction extent increased from 1% after 1 day to 66% in 8 days at 180 C (Runs E8eE10). At 200 C reaction extent increased from 6% to 90% (Run E11eE13). The effect of temperature on reaction rate was modelled using the Avrami equation. Since the extent of reaction at 140 C was too low, these data were not included in the kinetic analysis. The time exponents n and rate constants k calculated based on the linear behaviour on plots of ln{ln [1/(1 e y)]} vs. ln(t) (Fig. 7B) are summarized in Table 3 . The slope of the lines, i.e., the time exponent n, increases systematically with decreasing temperature (from w1.3 to 2.2), without noticeable change in the texture of the product. The plot of ln(k) vs. 1000/T (Fig. 7C ) reveals a systematic behaviour consistent with the Arrhenius relationship. Linear regression on the data yields an activation energy E A of 26 AE 6 kJ mol À1 and a pre-exponential factor A of 2.2 AE 2.7 Â 10 À3 s
À1
.
Discussion
Evidence for interface coupled dissolution reprecipitation (ICDR)
Magnetite has been replaced by hematite to varying extents across the range of hydrothermal conditions investigated in this study. Mineral replacement reactions are widespread in geosystems, and can proceed via solid-state diffusion, via a coupled dissolution-reprecipitation reaction, or via an interface-coupled dissolution-reprecipitation (ICDR) reaction (Putnis and John, 2010; Zhao et al., 2013; Altree-Williams et al., 2015) . We show that the textures of the partially reacted magnetite and the dependence of reaction progress on solution composition, without the addition of excess oxidant, indicate that the replacement is via an ICDR reaction. The reaction proceeds in a pseudomorphic manner, since the product preserves the external dimensions of the parent magnetite grain (Fig. 3) . The replacement commences from the surface and along cracks and generates significant amounts of porosity in the hematite that grows. The nano-and micro-scale porosity forms permeability that is critical to the viability of ICDR reactions, as reviewed by Putnis (2002 ), Ruiz-Agudo et al. (2014 , and Altree-Williams et al. (2015) . The permeability enables efficient mass transport between the reaction front and the bulk solution and maintains the interfacial fluid in a state of undersaturation with respect to the parent phase, promoting the replacement reaction and driving the transformation. Another key textural clue for the ICDR reaction mechanism is the sharp reaction front (e.g., Fig. 3B) . Xia et al. (2009) showed that the length scale of pseudomorphic replacement depends on whether mineral dissolution (nmscale replacement) or precipitation (poor or no preservation) is the rate-limiting step in the reaction. The size of the gap (when present at all) between the hematite rim and the parent magnetite is generally on the nm-scale indicating that the dissolution of magnetite is the rate-limiting step rather than the precipitation of hematite. The partially reacted magnetite grains appear characteristic of ICDR reactions, and the replacement textures are similar to those of martitezation of magnetite observed in nature, which is related to the preferable replacement direction along the {111} planes of magnetite (Nolze and Winkelmann, 2014) . Since the {111} mt plane is parallel with the layers of closed-packed oxygen atoms, it will be easily protonated under the acidic conditions. Thus, the dissolution is expected to occur more rapidly on {111} mt planes than other planes and Fe(II) is more soluble that Fe(III). Scott et al. (2005) also demonstrated that the {111} mt surface of magnetite contains more abundant Fe 2þ ions than the other two surfaces {100} mt and {110} mt by measuring the reduction of U(VI) to U(IV) on the surfaces of magnetite. The rate of magnetite dissolution was quantified as a function of surface orientation by Allen et al. (1988) , who showed that the reductive dissolution rate of magnetite by trispicolinatovanadium (II) formate is twice as fast on the {111} mt than on {110} mt or {100} mt .
Redox or redox-independent transformation
As reviewed in the introduction, the conversion of magnetite to hematite can been achieved either via oxidation (i.e. a process dependent upon the availability of an oxidant; Reaction (I)) or in the absence of redox change (essentially via leaching of Fe 2þ ; Reaction (II)):
In the case of oxidative replacement of magnetite, all the Fe is preserved in the product hematite and there is a small positive volume change (þ0.5%) (Reaction I). However, in the case of the redox-independent process, one third of the Fe is liberated from magnetite into solution (in the form of Fe 2þ aqua ion or complexes such as FeCl þ or Fe(CH 3 COO) 2 (aq) Testemale et al., 2009) ; this results in a w33% decrease in volume of the solid products relative to the parent magnetite (Reaction II). In the case of the replacement of magnetite by hematite, the reaction solutions contain high concentrations of Fe, which can account for up to >60% of the reaction progress via a redox-free mechanism (Table 2) . These numbers are minima, as fine-grained hematite was often observed on the cell walls after quenching and this represents part of the Fe(II) in solution that was oxidised following leaching from magnetite; when this Fe is added the mass balance (B1 in Table 2 ), the percentage of reaction explained by a redox-free process increased from 60% to 94%. The prevalence of this redox-independent process is also consistent with the observation of significant of cracking and porosity within the product phase. Although no shrinkage of the whole grain was observed, the volume of the cracks and porosity make up around 30%, according to the estimation by ImageJ on Fig. 3B . The conclusion is further supported by the experiment without oxygen (Run D2), which shows that the absence of dissolved oxygen in the system does not affect the reaction rate compared to experiments with a O 2 : magnetite molar ratio of 2.1 (oxygen in the air gap). The redox-independent reaction can be viewed as a dissolution and precipitation reaction. For example, the dissolution reaction under acidic conditions can be written as:
and a possible re-precipitation reaction equations is:
The dissolution of magnetite occurring at the reaction front results in the formation of both Fe 3þ and Fe 2þ complexes within the solution (Reaction III). The Fe 3þ almost instantly precipitates forming of hematite (Reaction IV), accounting for the pseudomorphic nature of the replacement ). This is a result of the low solubility of Fe 3þ (Fig. 8) and nucleation facilitated by existing mineral surfaces (magnetite and hematite). The latter is supported by the fact that nucleation in this case occurs epitaxially due to the shared closepacked layers of oxygen in magnetite and hematite. In contrast, the more soluble Fe 2þ species remain in solution and diffuse away from the reaction front (through the cracks or newly formed porosity (Fig. 3) . A significant portion of the Fe 2þ species are transferred to the bulk solution where some of the Fe 2þ reacts with O 2 (aq), albeit relatively slowly, to form the hematite dusting on the reactor walls.
Kinetics
As stated above, the reaction kinetics is affected by several factors explored in this study, including pH, NaCl concentration, reaction temperature, and amounts of oxygen (argon or air atmosphere; addition of hydrogen peroxide as oxidant). The solubility of Fe 2þ controls both the dissolution rate of magnetite (Reaction III) and the overall reaction rate (Reaction II), which is related to reaction temperature and solution chemistry. In general, the kinetics of dissolution and precipitation reactions depends on the deviation from equilibrium at the reaction front:
where r k is the reaction rate (mol$s
A s is the mineral's specific surface area (cm 2 $g À1 ), k þ is the rate constant (mol$cm À2 $s À1 ), and Q and K are the activity product and equilibrium constant for the dissolution reaction, respectively. The reaction rates vary as a function of solution pH and NaCl concentration in a way that mimics the equilibrium solubility of magnetite, with higher relative solubility corresponding to higher reaction rates. For example, Fe solubility is highest at the lowest and highest pH (Fig. 8A,C) , where the highest reaction rates for the Note: Values for n and k correspond to the linear regressions shown in Fig. 7 . a Standard deviations on k were calculated using the errors on n (the slope) and the error on the intercept I using following equation:
transformation were observed (A1eA6). In cases where NaCl was added to the solutions (C1eC4), thermodynamic calculations show that although Fe(II) acetate complexes predominate, Fe(II) chloride complexes become increasingly important as NaCl concentration increases to 0.5 molal (Fig. 8A,B) . With 1 molal NaCl, in buffer A4, the concentrations of FeCl þ and Fe(II)-acetate complexes Testemale et al., 2009 ) contribute in nearly equal amounts to the calculated Fe solubility. Reaction rates in general increase with temperature. The temperature-dependence of equilibrium magnetite solubility is complex. For example, hematite shows reverse solubility to w200 C, and thermodynamic calculations suggest that the solubility of the magnetite-hematite assemblage decreases with increasing temperature up to 200 C for solution compositions similar to the A4 buffer. The solubility, however, would remain nearly constant in a rock with pH buffered by a quartz-K-feldsparmuscovite assemblage (Liu et al., 2006) . The stability constants for the reaction of magnetite dissolution (reaction III) decreases with temperature (logK III ¼ À12.7 at 25 C and À14.0 at 200 C). Hence, according to Eq. (6), the faster kinetics of dissolution at elevated temperature is not related to higher magnetite solubility (Q/K), but rather to faster dissolution rate (k þ ).
We performed a formal study of reaction kinetics as a function of temperature for buffer A4 with 0.5 M NaCl in air (Table 2 , series E). The kinetics of the replacement of magnetite by hematite reveal a systematic behaviour consistent with the Arrhenius relationship (Fig. 7, Table 3 ), and an apparent activation energy E A of 26 AE 6 kJ mol À1 and a pre-exponential factor, A of 2.2 AE 2.7 Â 10 À3 s
À1
. The relatively large errors in the results are related to relatively large differences in reaction extents, which were caused by the magnetic properties of agglomerating the original magnetite at the beginning of the reaction. The aggregate would be released at some stage during the reaction. Such feature makes the surface area of the starting samples uncontrollable. However, the value of activation energy in this study agrees quantitatively with the activation energy of magnetite dissolution calculated by White et al. (1994) , which was determined to be between 20 and 30 kJ mol À1 at pH 5.0 (HCleNaHCO 3 buffer solution) over the temperatures ranging from 2 to 65 C. Thus, the calculated apparent activation energy supports the conclusion based on textural evidence that magnetite dissolution is the rate-limiting step in the replacement reaction. The calculated activation energy of mineral replacement is also consistent with the redox-independent mechanism. It is much lower than the values reported for the oxidation of magnetite in the literature. Tang et al. (2003) investigated the oxidation of magnetite to maghemite and calculated the activation energy to be w87.9 kJ mol
. The average activation energy for the oxidation of magnetite to hematite under dry conditions is significantly higher (Gillot et al., 1978) , around 159 kJ mol
. The slight decrease in the Avrami reaction exponent (n) as the temperature increased from 160 to 200 C (Fig. 7B, Table 3 ) deserves additional consideration. Zhao et al. (2009) suggested that an increase in the Avrami reaction exponent with temperature was a result of changes in transport processes related to changes in solubility of the phases in the replacement of calaverite by porous gold. Altree-Williams et al. (2017) investigated the replacement of anhydrite by calcium carbonate and similarly inferred that the decrease in the Avrami reaction exponent was likely related to evolving transport properties resulting from decreasing mineral solubilities reducing the concentration gradients at the interface. In both examples, the decrease in the Avrami reaction exponent was related to the transport processes. In the case of the magnetite to hematite transformation, the transportation of Fe 2þ from reaction front to bulk solution is controlled by the complex interplay between dissolution and precipitation kinetics, and transport of Fe(II) complexes in the porous hematite product and away from the surface of the reacting grain. As stated above, magnetite equilibrium solubility is expected to decrease with increasing temperature causing a decrease in the concentration at the interface, lowering the forces for driving diffusion of the Fe(II) ions. This is counter-balanced by the fact that higher temperatures favour faster dissolution kinetics. In general, diffusion coefficients also increase with increasing temperature (Murphy et al., 1989) , contributing to improve exchanges at elevated T. Another important factor affecting Fe transport is the porosity within the product phase. In case of the replacement of calaverite by porous gold (Zhao et al., 2009) , the pores were coarse (!100 nm) and highly connected, and hence effected rapid mass transport between the reaction front and bulk solution. In the case of magnetite replacement by hematite, the pores are smaller and generally not readily visible in the SEM images (particularly after polishing) connected with each other along grain boundaries (Fig. 5D ). Cracks observed within the product may also contribute to the mass transportation network. It is also important to note that the cracks are not directly connecting the reaction front with the bulk solution. The transportation efficiency is much lower than that of porous gold case. Similar product textures, to those observed here for the magnetite to hematite transformation were also observed in the product of calcium carbonate (Altree-Williams et al., 2017) . Thus, the decrease in the Avrami reaction exponent is likely related to non-efficient transport network resulting from the tiny pores and non-connecting cracks.
Role of oxygen as a catalyst of redox reaction
The replacement of magnetite by hematite is predominately a redox-independent reaction, and the reaction rate was not affected by the absence of molecular oxygen relative to a small amount of excess O 2 . Addition of large amounts of excess oxidant did increase the reaction rate to a certain extent (Runs D1/D2), indicating that oxidative replacement does compete with the redox-free pathway. Oxygen is not the necessary factor in the replacement reaction of magnetite by hematite (Reaction II) but the addition of extra oxidant does trigger the oxidation reaction and results in the formation of extra amount of hematite. A possible oxidation reaction equation is, for example:
The overall reaction in the system would be
The precipitation of the oxidation product may occur at the reaction front or elsewhere within the system, e.g. within the porosity, on the surface of the sample, within the solution or on the inner wall of cells. The precipitation at the reaction front and within the porosity may increase the density of the product, resulting in less porosity and fewer and smaller cracks, while the precipitation on the surface of the sample may result in the overgrowth of hematite along certain crystal directions. The replacement of magnetite by hematite with excess oxidant is such a case. After the reaction, the surface of the sample roughened (Fig. 6A) , due to the epitaxial growth of hematite. According to images of cross-sections (Fig. 6B) , the sample is denser with less porosity and cracks. The analysis of SEM images of cross sections shows a marked decrease in porosity and cracks, and when translated in to 3D the porosity and cracking takes up only 12% by volume, compared to 30% by volume for the products in reactions without extra oxygen (Fig. 3B) . No hematite precipitation was observed in the solution nor on the inner wall of the cells after the reaction. The strong textural evidence shows that the rate of hematite precipitation was greater than the rate of oxidation, and the rate of oxidation is the rate-limiting step in Reaction VI. When Fe 2þ formed at the reaction front, it will be oxidized to Fe 3þ , followed by in-situ precipitation of hematite. Insufficient oxygen at the reaction front will cause the transportation of Fe 2þ from the reaction front to the bulk solution via the existing porosity and cracks. This part of Fe 2þ will be oxidized to Fe 3þ and precipitated in the form of hematite within the porosity and cracks; on the surface of the grains as hematite overgrowth. The distance of Fe 2þ transferring from the reaction front to the precipitation site is dependent on the transport rate of both the Fe 2þ and the oxidant between the reaction front and the bulk solution, the oxidation rate of Fe 2þ by Fe 3þ , the precipitation rate of hematite. In detail, the controls on Fe oxidation are complex, and still the focus of much work at room-temperature. Fe(II) oxidation depends upon aqueous speciation (which depends for example on pH; Morgan and Lahav, 2007) , and the surface of hematite acts as a catalyst for Fe-redox reactions, affecting the dissolution, precipitation, and recrystallization of hematite (e.g., Chatman et al., 2015; Frierdich et al., 2015) . The oxidation of Fe 2þ to Fe 3þ may result in the formation of hematite and decrease the concentration of Fe 2þ in the bulk solution, which in turns to promote the dissolution rate of magnetite and the replacement of magnetite. Thus, more hematite was obtained by adding extra amount of oxygen. The texture of the product obtained by adding extra oxygen (Run D1) further confirms that the replacement of magnetite by hematite, which under normal hydrothermal conditions is a redoxindependent reaction.
Conclusion/implication
The results of an experimental and kinetic investigation of the replacement of magnetite by hematite have been presented. The relatively simple system highlights complexities that are associated with fluid-mediated ICDR replacements. Magnetite grains underwent a fluid-mediated ICDR replacement in a range of solutions, resulting in the formation of hematite with large volume reduction in the form of highly porosity and cracks. Large volume change associated with the reaction and the relatively high concentration of Fe in the solution reveals that the replacement of magnetite by hematite occurs principally via a redox-independent reaction. The kinetic evidence indicate that the replacement reaction depends on several factors, including reaction temperature, time, solution chemistry, that are specifically linked to the solubility of Fe 2þ species under the reaction conditions. The addition of oxygen in the system does trigger the oxidation of Fe 2þ to Fe 3þ resulting in the overgrowth of hematite on the surface. Our experiments further reveal that magnetite replacement by hematite is a fast process at moderate temperatures (200 C), and is fast in geological terms even at low temperature. The slight change in Avrami reaction exponent (n) with temperature indicates that even in our experiments, mass transport (most prominently diffusion of Fe 2þ away from the reaction front) influences the observed kinetics. In Nature, were fluid:rock ratios are much smaller than in our experiments, the rate-limiting step for the replacement of magnetite will be the efficiency of Fe transport (e.g., Etschmann et al., 2014) .
